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57 ABSTRACT

An active pixel sensor implemented with CMOS technology
that employs a plurality of photocells, each including a
photodiode to sense 1llumination and a separate storage node
with a stored charge that 1s discharged during an integration
period by the photocurrent generated by the photodiode.
Each photocell imncludes a switching network that couples
the photocurrent to the storage node only during the inte-
oration period while ensuring that a relatively constant
voltage 1s maintained across the photodiode during integra-
fion and non-integration periods. The transistors in the
switching network operate 1n a forward active subthreshold
region, ensuring linear operation and the diode voltage is
clamped to a small positive voltage so that the diode 1is
always reverse-biased. A source-follower generates a output
signal correlated to the charge on the storage node that is
coupled to column output circuitry that samples the signal.
An operational scheme i1s employed wherein the storage
node 1s first set to a defined voltage, the photocurrent is
allowed to discharge the storage node and then the remain-
ing charge coupled as a first signal to the column output
circuitry, which samples and stores the first signal. The
storage node 1s then reset to the same defined voltage and the
resulting charge on the storage node 1s coupled as a second
signal to the column output circuitry. The column output
circuitry computes the difference of the first and second
signals, which provides a reliable measure of the photocur-
rent during the integration period.

38 Claims, 5 Drawing Sheets
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ACTIVE PIXEL SENSOR USING CMOS
TECHNOLOGY WITH REVERSE BIASED
PHOTODIODES

The present invention relates generally to active pixel
sensors and, particularly, to an active pixel sensor design that
realizes 1n a single chip fabricated using standard CMOS
processes 1mage capturing and various signal processing

functions. An application of the sensors would be 1n a single
chip CMOS camera.

BACKGROUND OF THE INVENTION

Thanks to the increasing processing power of integrated
circuits the goal of achieving true multimedia communica-
tion 1s closer to becoming a reality. One major aspect of
multimedia communication 1s providing a visual link for
users. A key component needed to establish this visual
connection 1s the video camera. To facilitate widespread
utilization of visual communication, the video cameras that
oo with desktop PCs or other multimedia communication
devices must be 1nexpensive, lightweight and power-
efficient. One factor 1 the cost of a video camera 1s the
degree of integration between the 1mage capturing device
and the associated application-specific 1mage processing
circuitry (costs are reduced when both are integrated on the
same chip).

Traditionally, solid state based cameras are realized using,
charge-coupled devices (CCDs) as image capturing devices.
Although high quality consumer products such as camcord-
ers have been successtully built using CCDs, CCD technol-
ogy 1s not compatible with standard DC processes. As a
result, CCD-based cameras are relatively expensive. In
addition, CCDs use high voltage clock signals, implying
correspondingly high power dissipation levels. Therefore,
there 1s much interest in building single chip cameras using
standard CMOS processes, which would promote integra-
fion and low power consumption.

The prior art includes several types of single-chip, CMOS
pixel sensor arrays. The principal difference between these
array types 1s in the structure of their constituent photo cells.
Generally, each array comprises a regular arrangement of
photo cells, each of which provides a signal correlated to the
amount of light failing on that cell. In color arrays, groups
of three adjacent cells responsive to different primary wave-
lengths of light provide three respective signals that are
combined to form a single color pixel. On monochromatic
arrays, cach cell generates a signal that alone forms a
corresponding pixel.

Prior art CMOS sensor arrays have been implemented
using photodiodes or photogates as light sensing elements/
photocells. Operations of three prior art sensor arrays based
on photogates or photodiodes are now described and their
respective advantages and disadvantages are highlighted.

FIG. 1 depicts a generic realization of a photogate-based
photocell 108 that can be used 1n an active pixel sensor. Each
cell 108 has a photogate device PG, a storage node/capacitor
S@G, a transistor for charge transter M1, a transistor to reset
storage node potential MS, a row select transistor MR and
a source follower transistor MSF. During an integration
pertod 1 which the cell 108 collects photons, a positive
potential 1s applied to the gate of the photogate device PG so
that the region 122 of the p-type substrate 120 immediately
under the gate 1s depleted of majority carriers. Photons that
penetrate 1nto the silicon during the integration period
generate electron-hole pairs if they are suitably energetic.
For those pairs that are generated in the carrier-depleted
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region 122, the electric field set up across the photogate
device PG tends to sweep the electrons towards the oxide-
silicon 1nterface 124 and the holes to the substrate 120. The
depleted junction area 122 also serves as a collection region
for electrons generated 1n the substrate.

As the mtegration time progresses more electrons are
created and accumulated at the oxide-silicon interface 124.
During the 1ntegration period the signals XFER and RS are
maintained at a low enough level that the transistors MT and

MS are kept off. Towards the end of the integration period,
while the gate PG 1s still at a positive potential, the device
MS 1s pulsed on momentary by applying a high RS signal.
This action returns the storage node SG to a potential that 1s
about one threshold voltage below the supply voltage VDD.
This “reset” value 1s read and stored by a readout circuit that
includes the source follower transistor MSF and the row
select transistor MR. During the readout operation, the
ROW signal 1s asserted when 1t 1s time to read the sensor
array row that includes the cell. When the ROW signal 1s
asserted the OUTPUT signal 1s determined by the gate
voltage of the source follower transistor MSFE, which 1s 1n
turn determined by the voltage across the storage node SG.

Following the reading of the reset value, the integration
period 1s ended by returning the gate PG to a low potential
value, for example VSS (typically at ground), and, at the
same time, turning on the transistor MT by applying a
positive XFER signal. These actions create a path connect-
ing the storage node SG and the photogate region PG.
Accumulated electrons will tend to flow from the gate PG
towards the storage node SG, which has a higher potential.
A voltage drop occurs at the storage node whose final value
depends on the amount of electrons accumulated during the
integration period and the capacitance at the storage node.
This voltage 1s read by the readout circuit that includes the
source follower transistor MSF and the row readout tran-
sistor MR as described above. The difference between this
voltage and the previously stored “reset” value represents
the total amount of light falling onto the sensor. This
operation 1s repeated periodically for each pixel cell so that
a time sampled scene 1s obtained.

The advantage of photogate-based cells 1s that a high
charge-to-voltage conversion gain can be realized because
of the low storage node SG capacitance. This 1n turn gives
ogood low light performance because the noise contributions
from the reset switch MS and the read amplifier MR are
small due the cell’s high conversion gain. A noise floor of 20
clectrons to 40 electrons can be realized with this cell
structure. A disadvantage with photogate devices 1s that they
have lower quantum efficiency because light has to go
through the polysilicon gate before creating electron-hole
pairs. This degradation 1s particularly pronounced at smaller
wavelengths and thus gives relatively poor blue color
response.

FIG. 2 depicts a generic realization of a photodiode-based
photocell 138 that can be used 1n an active pixel sensor array.
The cell 138 consists of a reverse-biased junction diode PD
acting as a light sensor, a transistor MS to reset a storage
node ST and the diode potential, a source follower builer
transistor MSF and a row select transistor MR. Initially, a
positive RS signal 1s applied to the gate of the transistor MS,
which turns on as a result and resets the voltage across the
diode PD to some preset value. The measurement of light
energy 1s accomplished by turning off the transistor MS and
letting the voltage across the diode PD discharge 1n response
to the light energy failing on it. The amount of voltage
change across the diode PD is proportional to the 1llumina-
tion level of the light to which it 1s exposed. After a




5,900,623

3

predetermined integration time the voltage level across the
diode PD 1s sampled at the OUTPUT node. The actual signal

due to the amount of illumination falling on the cell 138
during the integration period 1s the difference between the
voltage measured at the end of the integration period and the
output voltage obtained after turning on the reset transistor
MS to reset the diode voltage to the preset value. These steps
essentially remove the uncertainty of the voltage drop across
the source follower MSF 1n the actual signal. These steps

also reduce the 1/f noise contribution.

1/T noise 1s noise which has most of its energy concen-
trated at lower frequencies. Its power spectral density has a
form like K/f, hence the name, 1/f noise. It 1s also called
flicker noise. The cause of 1/f noise iIn MOS devices 1s
generally believed to be impurities and contamination at the
gate oxide/silicon interface. Thus, 1/f noise originates from
the devices employed 1n the MOS pixel sensor arrays.

An additional transistor can be 1nserted between the diode
PD and the gate of transistor MSF to {facilitate ecasier
implementation of a shutter period control, wherein the
shutter period 1s the photodiode integration time for each
image frame. Using another transistor allows the shutter
period to be controlled independently of the RS signal
control.

The main disadvantage of the cell 138 is that 1ts electron-
fo-voltage conversion gain 1s lower than that of photogate-
based cells. This makes the relative contribution of noise due
to the amplifier buffer MSF and the reset switch MS more
significant at low light levels than 1n photogate-based cells.
This effectively raises the cell’s noise floor and degrades its
performance relative to photogate-based cells at low levels
of 1llumination. However, when the 1llumination level
increases to the point where the contribution of the shot
noise (statistical fluctuations in the current) becomes sig-
nificant or dominant, the signal to noise ratio (SNR) for the
photodiode cell 138 1s higher than that of the photogate
based cell 108. This 1s due to the fact that shot noise
dominated SNR 1s proportional to the square root of the
number of electrons accumulated and the photodiode has a
higher quantum efficiency than photogate devices (i.e., the
photodiode accumulates more electrons for a given level of
light). In fact, the input dynamic range for the photodiode
cell 1s the similar to that of the photogate based cell (where
input dynamic range 1s defined as the range of input 1llu-
mination levels to which the image sensor can respond
within a fixed integration time). The only difference is that
the dynamic range for photogate devices 1s from low 1llu-
mination to moderately bright illumination levels and for
photodiode devices 1s from moderate 1llumination to very
bright illumination levels. Therefore, whether a photogate or
photodiode cell should be used depends on the intended
sensor array applications and the expected operating envi-
ronment.

A third photocell design is the passive pixel cell. FIG. 3
shows one column of an active sensor array based on passive
pixel cells 168. A passive pixel cell 168 has a very simple
structure consisting of a photodiode PD with an associated
capacitance C , and a transistor switch MR. The photodiodes
from different rows are connected to a common column bus
170 through the switches MR1, MR2, . . . , MRx that are
located 1nside each cell. Each column bus 1s coupled to the
input of a charge amplifier AMP, which provides a signal V|
that indicates the level of illumination collected by a one of
the photodiodes PD. Before reading any of the photodiodes
PD the amplifier 1s first reset and the resulting value V_
stored. The photodiode PD of a selected row 1s then con-
nected to the mput of the charge amplifier AMP by closing
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the corresponding switch MR. Under 1deal conditions the
charge accumulated on the photodiode PD during the inte-
oration period 1s transferred onto the integration capacitor
having capacitance C, This results i a change 1n the output
voltage, V_, with a value given by

where V , represents the voltage discharged across the pho-
todiode PD during the integration period. By choosing,

Cy
Cy

orcater than one, a high electron-to-voltage conversion gain
can be realized at the output V_. In principle, the noise
contribution of the reset switch M____. can be made
negligible, in which case the main source of noise 1s the
amplifier AMP. Real devices built with this type of pixel cell
reportedly perform worse than the i1deal case and their
overall performance seems to be worse than the photogate
based cells.

The following are some of the practical 1ssues that need
to be addressed in passive pixel cells.

Mismatches 1in charge injection and clock feedthrough
due to the switches MR can affect fixed pattern noise (FPN)
performance significantly. Further, in order to reduce the
amount of signal charge loss to the column bus capacitance
C,, . the amplifier AMP has a very high minimum gain
requirement. For example, for an overall voltage gain

Vo
Va

of two, where V, 1s the voltage drop across one of the
photodiodes PD, and a typical

Cbu 5

oF

ratio of 40 to 50, an amplifier gain of 80 to 100 1s needed to
merely make the effective capacitance of the integration
capacitor at the input of the amplifier AMP equal to C, . To
further reduce the effect of C, _ on signal loss, an amplifier
cgain of a few hundred to a thousand 1s needed. Coupled with
the large C, _ at the input of the amplifier AMP, this can lead
to stability problems. All of these 1ssues complicate the
overall design. In addition, increasing the resolution, and
thus the size of array, increases the

Cbu 5

Cy

ratio Turther, which only exacerbates the gain and stability
requirement. Therefore, this topology does not scale well
with technology.

SUMMARY OF THE INVENTION

In summary, the present invention 1s an active pixel sensor
that realizes 1n a single chip employing standard CMOS
processes an 1mage capturing function and various signal
processing functions while providing high sensitivity and
low fixed pattern noise (FPN) through special circuit tech-
niques and photo cell structure.

The preferred embodiment uses photodiode-based photo-
cells 1nstead of photogate-based photocells. As a result, the
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preferred embodiment has the superior quantum efficiency
of photodiodes, particularly for smaller wavelengths. At the
same time, the preferred embodiment provides high
clectron-to-voltage conversion gain. Thus, as compared to
photogate-based cells, the preferred embodiment has similar
low light sensitivity and provides significantly better SNR
performance for cells covered with blue & green color filters
(in which wavelengths photogate-based cells are inefficient).

In particular, the present invention 1s an active pixel
sensor that comprises a plurality of photocells, each of
which includes a photodiode and a storage device. The
photodiode, which 1s reverse-biased, generates a photocur-
rent that 1s proportional to the illumination falling on the
photocell. The storage device, which 1s coupled to and
distinct from the photodiode, has a stored charge that is
discharged during an integration period as a function of the
photocurrent generated by the photodiode during that
period. The amount of the stored charge discharged during,
the 1ntegration period determines the magnitude of the
output signal generated by the photocell.

In the preferred embodiment, a relatively-constant diode
voltage 1s maintained across the photodiode during the
integration period. The diode voltage 1s also clamped at all
other times to a small, positive (reverse-bias) voltage to
prevent blooming, which results when the photodiode
becomes forward-biased. Under normal operating
conditions, the reverse-biased voltage 1s about 1.5Vx200
mV. Under abnormally bright illumination (up to a few
million times brighter than the normal operating condition),
the reverse-biased voltage across the photodiode 1s still

clamped to a voltage that 1s greater than zero volts so that the
diode remains reverse biased.

The present invention includes a switching network that
comprises two n-channel transistors. The first n-channel
transistor (N1) is configured to couple the cathode of the
photodiode to a small, positive voltage only during a non-
integration period that 1s complementary to the integration
period. This first transistor enables the photocurrent gener-
ated during the non-integration period to bypass the storage
device and instead flow through the first transistor. The
second n-channel transistor (N2) is configured to couple the
cathode of the photodiode to the small, positive voltage only
during the integration period. This second transistor enables
the photocurrent generated during the integration period to
discharge the storage device instead of flowing through the
first transistor. This switching network ensures that the diode
voltage remains relatively constant regardless of whether the
photocurrent is discharging the storage node (during the
integration period) or flowing with no effect on the storage
node (during the non-integration period).

In the preferred embodiment the first transistor has a gate,
drain and source coupled to an SCB signal, a reset voltage
supply node and the cathode of the photodiode. The second
fransistor has a gate, drain and source coupled to an SC
signal, a storage node and the cathode of the photodiode.
The storage node 1s coupled to one terminal of the storage
capacitor. The SC and SCB signals are substantially-
complementary and are generated so that the first and second
transistors operate in the active, sub-threshold region.
Preferably, the SC and SCB signals are generated so that the
SCB signal makes a high to low transition just after the SC
signal makes a low to high transition, ensuring that the diode
voltage remains stable during transitions between the non-
integration and integration periods.

A preferred embodiment includes a control signal gen-
eration (CSQG) circuit that generates the SC and SCB signals.
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This CSG circuit includes a biasing network that, based on
a bandgap reference, generates a top reference voltage

(VTOP) level and a bottom reference voltage (VBOT) level.
The VTOP and VBOT levels are regulated so that the VITOP
level 1s at approximately 2.1 volt and the VBOT level 1s at
approximately 1.5 volt. The CSG circuit also includes a
combinational network that, in response to activation of an
integrate signal, generates the SC and SCB signals so that
the SC signal rises to the VIOP level shortly before the SCB
signal falls to the VBOT level, and, mn response to the

deactivation of the integrate signal, generates the SC and
SCB signals so that the SCB signal rises to the VIOP level

shortly before the SC signal falls to the VBOT level.

The present invention also incorporates column output
circuitry coupled to the output of the photocell that uses
correlated double sampling to generate a pixel output signal
that corresponds to the photocurrent generated during the
integration period, corrected for the parasitic effects of the
circuit elements between the storage node and an output
signal amplifier. The output circuitry 1s configured 1n a first
mode so that 1t samples and holds a first signal correspond-
ing to the charge on the storage node at the end of the
integration period, including parasitic effects. Then, 1n a
second mode, the output circuitry samples a second signal
corresponding to a reference voltage one the storage node at
the beginning of the integration period, including the para-
sitic effects, and subtracts the first signal from the second
signal so as to provide the corrected pixel output signal.

BRIEF DESCRIPTION OF THE DRAWINGS

Additional objects and features of the imnvention will be
more readily apparent from the following detailed descrip-
fion and appended claims when taken 1n conjunction with
the drawings, 1n which:

FIG. 1 1s a schematic diagram of a photogate cell structure
that 1s employed 1n prior art active pixel sensors;

FIG. 2 1s a schematic diagram of a photodiode cell
structure that 1s employed 1n prior art active pixel sensors;

FIG. 3 1s a schematic diagram of a passive photodiode-
based cell structure that 1s employed 1n prior art active pixel
SENSOrS;

FIG. 4 1s a schematic diagram of a photo cell implemented
in accordance with the present invention that can be
employed 1n an active pixel sensor;

FIG. 5A 1s a schematic diagram of a preferred circuit for

generating the SC and SCB signals used by the photo cell of
FIG. 4;

FIG. 5B 1s a timing diagram of signals associated with

different delays through the SC and SCB signal-generating
circuit of FIG. SA;

FIG. 6 1s a block diagram of a preferred active pixel
sensor employing the photo cell of FIG. 4; and

FIG. 7 1s a iming diagram showing voltage versus time
plots of a subset of the signals employed 1n the preferred
active pixel sensor of FIG. 6.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

FIG. 4 1s a schematic diagram of a photocell 200 1mple-
mented 1n accordance with the present invention that can be
employed 1n an active pixel sensor. The preferred photocell
200 includes five n-channel, enhancement-mode, MOS tran-
sistors N1, N2, N3, N4 and N35; a photodiode PD and a MOS
capacitor MCAP. The transistors N1 and N2 compose a
differential pair, the transistor N3 1s a reset transistor, the
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transistor N4 1s a source follower and the transistor NS 1s a
row select transistor. The capacitor MCAP 1s implemented
as a MOS transistor with grounded source and drain oper-
ating 1n the triode region. External signals coupled to the
photocell 200 include a positive (between 3.3V and 5V)
power supply voltage VDD, a positive high voltage signal

VRST, a pair of differential signals SC and SCB (an abbre-
viation for “SC-bar”), a reset signal RS and a row select
signal ROW. The output of the preferred photocell 200 1s
provided via the signal COUT.

One end of the photodiode PD 1s connected to the most
negative potential (i.e., GND) and the other end is connected
to the sources of the pair of differential transistors N1 and
N2, which are driven respectively by the differential signals
SCB and SC. The drain of the transistor N1 and the drain of
the reset transistor N3 are connected together to the VRST
signal. The signal RS 1s connected to the gate of the
transistor N3 and so determines whether that transistor 1s on
or oif. The source of the reset transistor N3 and the drain of
the transistor N2 share a common diffusion region ST. The
gate of the capacitor MCAP 1s connected to the nods ST, the
potential at which 1s maintained at a level that ensures that
the capacitor MCAP turns on for normal operation. The node
ST 1s also connected to the gate of source follower transistor
N4, whose source 1s linked to the column bus through the

row select transistor N3, whose source provides the column
output signal COUT.

In the preferred embodiment the cell 200 operates in
integration, reset and readout modes that enable 1llumination
falling on the cell to be measured with high sensitivity while
climinating measurement noise that, among other things,
causes FPN 1n the resulting output signals. In the integration
mode the internal storage node ST 1s first reset to the VRST
voltage level and then, during a predetermined integration
per1od, photons are collected by the photodiode PD, causing,
a diode current I, to flow, which discharges the capacitor
MCAP. At the end of the integration period the ROW signal
1s asserted 1n a first readout mode so that a voltage repre-
senting the amount of charge remaining on the capacitor
MCAP (which is a function of the collected photons) can be
read on the column output signal COUT and then sampled
and stored by column output circuitry (not shown). In the
reset mode the internal storage node ST 1s again set to the
VRST voltage level 1in exactly the same manner as 1n the
integration mode. In the readout and reset modes the storage
node ST 1s 1solated from any diode current I, that might
flow. The ROW signal 1s then re-asserted 1n a second readout
mode so that the contribution of the various circuit elements
(except for the photodiode) to the charge on the ST node is
reflected 1n the COUT signal, which 1s also sampled by the
column output circuitry. The second readout period 1s con-
cluded by allowing the column output circuitry to subtract
the first signal from the second signal, the difference of the
two signals indicating the actual average photo current
generated during the integration period absent most if not all
spurious circuit and measurement effects. The operation of
the preferred embodiment 1s now described 1n detail.

Regardless of the operational mode, a photocurrent I, 1s
ogenerated as a result of photon flux entering the photodiode
PD and converted into an electron stream. Depending on the
states of the switches N1 and N2, this current I, can either
flow through the transistor N1 to the power supply VRST
(during non-integration modes) or through the drain of the
transistor N2 to the node ST (during integration). The states
of the switches N1 and N2 are determined by the signals SC
and SCB. How these signals are generated 1s now described
in reference to FIG. 5A.

10

15

20

25

30

35

40

45

50

55

60

65

3

FIG. 5A shows a preferred embodiment of an SC/SCB
generation circuit 220 that generates the SC and SCB signals

of FIG. 4. The circuit 220 includes two operational ampli-

fiers (op amps) OPAMP_ 1, OPAMP_ 2; three n-channel
transistors M1, M2, M3; transmission gates MT1, MT2; two
inverting buffers I1, 12 formed respectively from the
p-channel transistors M4, M6 and the n-channel transistors

M5, M7; and four resistors R1, R2, R3, R4; and three
mverters INV1, INV2, INV3.

The op amp OPAMP__1 has a non-inverting input coupled
to a voltage reference signal VBG derived from a bandgap
reference, an 1nverting input that 1s coupled to a node N1
between the resistors R2, R3 and an output that 1s coupled
to the gates of the transistors M1, M2. The op amp
OPAMP__2 has a non-inverting input coupled to a second
voltage reference established at the node N2 by the source
voltage of the transistor M1 and a voltage divider consisting
of the resistors R1, R2, R3; an inverting input coupled to a
node VBOT and an output that 1s coupled to the gate of the
transistor M3. The transistor M1 has a drain that 1s coupled
to a VCC node (at approximately 5V) and a source that is
coupled to the resistor R1. The transistor M2 has a drain that
is coupled to the VCC node (at approximately 5V) and a
source that 1s coupled to a node VTOP that provides a
regulated voltage coupled to the pullup transistors M4, M6
of the 1invertors I1, 2. The transistor M3 has a drain that 1s
coupled to the node VTOP and a source that 1s coupled to a
node VBOT that provides a regulated voltage to the pull-
down transistors MS, M7 of the invertors 11, I12.

Using conventional feedback principles, the op amp
OPAMP1 and the resistors R1, R2, R3 set the gates of the
transistors M1, M2 to a stable voltage level that determines
the regulated voltage level at the node VTOP and the voltage
at the node N2. Using the same feedback principles, the op
amp OPAMP2 and the resistor R4 determine the regulated
voltage level at the node VBOT. In the preferred
embodiment, the voltage level at the VIOPnode 1s 2.1V and
the voltage level at the VBOT node 1s 1.5V. The voltage
swing between the STOP and VBOT voltages (which deter-
mines the swing in the SC and SCB signals at the beginning
of the integration mode) is chosen to be no larger than
necessary so that clock feedthroughs at the node ST (FIG. 1)
through the gate-drain capacitance C,, of the transistor N2
are minimized.

The VTOP and the VBOT voltages are used to set the

levels of the SC and SCB signals 1n response to an integra-
tion mode signal ISC, which 1s coupled to the transmission
devices MT1, MT2 and the imnput of the inverter INV__1. The
transmission gate MT1/MT2, the mverter INV__2 and the
inverter/buftler I1 generate the SC signal as a delayed version
of the ISC signal such that, when the ISC signal is high (i.e.,
at VCC) the SC signal is at the VTOP voltage and when the
[SC signal is low (i.e., at 0V) the SC signal is at the VBOT
voltage. The mnverters INV__1, INV_3 and the inverter/
buffer 12 generate the SCB signal as a delayed, inverted
version of the ISC signal such that, when the ISC signal 1s

low (i.e., at O0V) the SCB signal is at the VTOP voltage and
when the ISC signal is high (i.e., at VCC) the SCB signal is
at the VBOT voltage. The delay through the transmission

cgate MT1/MT2 1s adjusted so that 1t matches that of INV__1.
The inverters I1 and 12 are regular inverters (with adequate

drive) except that they operate across VIOP and VBOT. The
mverters INV_2 and INV_3 are identical and generate
slower rising than falling edges. These circuit attributes
enable the signals SC and SCB to be make before break (i.e.,
at the beginning of the integration period the signal SCB
drops slightly after the signal SC rises and at the end of the
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integration period the SC signals drops slightly after the
signal SCB rises). During the integration period the signal
ISC and therefore the SC signal 1s high. During the readout
per1od the signal ISC and therefore the SC signal 1s low. The

timing of the SC and SCB signals 1s now described 1in
reference to FIG. SB.

Referring to FIG. 5B, there 1s shown a timing diagram of
signals associated with different delays through the trans-

mission gate MT1/MT2 and the inverters INV__1, INV__ 2,
INV 3, 11 and 12 of FIG. 5A for different states of the ISC

signal. The transmission gate MT1/MT2 has a delay d1 and
the mnverter INV__1 has a delay d2, which 1s also associated
with the delay through the inverters INV_2, INV_J3 for
high to low output signal transitions. For low to high output
transitions, the mverters INV__ 2, INV__ 3 have a delay of
D1. For high to low output transitions, the inverters I1, 12
have a delay of D2; whereas, for low to high output
transitions, they have a delay of d2'. FIG. 5B shows voltage
versus time profiles of the ISC, SC and SCB signals, as well
as of signals T1 (representing the delay path d1+d2+d2'"), T2
(representing the delay path d2+D1+D2), T3 (representing
the delay path T, +2d,+d.") and T4 (representing the delay
path T, +d1+D1+D2). In these expressions, Tint is the
integration time. Given these definitions, the delay between
the rise of the SC signal and the fall of the SCB signal 1s
equal to the difference of the delays T2 and T1 and the delay
between the rise of the SCB signal and the fall of the SC

signal 1s equal to the difference of the delays T4 and T3.

Referring again to FIG. 4, the cell 200 enters the integra-
tion mode when the signal SC goes high (to the VTOP
voltage level) and the SCB signal goes low (to the VBOT
voltage level). During this transition it is important that the
voltage across the photodiode PD experiences minimal
disturbance. The preferred embodiment minimizes these
disturbances 1n at least two ways. First, as mentioned 1in
reference to FIG. 5A, the signals SCB and SC that respec-
fively drive the gates of the transistors N1 and N2 are
make-before-break signals. As a result, during the transition
to the integration mode there 1s no pomt in time when both
of the transistors N1 and N2 are off, which would, at best,
change the voltage across the diode and at worst, bring the
photodiode mto forward bias with disastrous results.

Second, throughout the non-integration period, and at the
very beginning of the integration period, the respective
drains of the transistors N1 and N2 are at the VRST level.
As the differential transistors N1 and N2 are identical,
during the transition to the integration mode there i1s no
change 1n the voltage across the photodiode PD. Note that
this 1s made possible by bootstrapping the reset signal RS to
a high voltage level V., that 1s more than a threshold above
the VRST level. Thus, when the RS signal 1s asserted at the
very beginning of the integration period the transistor N3
passes the VRST voltage through to the transistor N2.

During the integration period, the signal SC 1s at the
VTOP voltage level and the signal SCB 1s at the VBOT
voltage level. As a result, the photocurrent I, that 1s gener-
ated by the photodiode PD passes through the transistor N2
and discharges the storage node capacitor MCAP. Due to the
current level generated by the photodiode, the transistor N2
operates 1n the active region of the sub-threshold mode and
functions as a unity gain current amplifier for the photocur-
rent I ,. A relatively constant reverse-biased voltage of mag-
nitude VIOP-V__(of the transistor N2) is established across
the photodiode PD throughout integration, which ensures
better linearity 1n the photodiode’s performance.

As the mtegration period progresses the full magnitude of
the photocurrent I, generated by the photodiode PD dis-
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charges the storage node capacitor MCAP, which was
charged to the VRST level at the beginning of integration
through the assertion of the reset signal RS. The rate of
discharge 1s proportional to the photocurrent I , and therefore
the 1llumination level at the cell 200. A high electron-to-
voltage conversion gain 1s realized by the cell 200 as the
storage node capacitance MCAP can be made much smaller
than the capacitance associated with the photodiode area.
Preferably, the storage node capacitor MCAP 1s imple-
mented as a MOSFET capacitor to reduce leakage current
and area.

As mentioned above, the storage node ST can be reset to
the VRST level through the reset transistor N3 in response
to the reset signal RS, which, when active, 1s bootstrapped
by a suitable charge pump to the V., voltage level. The
pumped RS signal enables the ST node to be rapidly reset
and allows a higher VRST level to be used, which improves
the dynamic range of the cell 200. Antiblooming (blooming
refers to bright spots on the display caused by large currents
ogenerated when the photodiode PD 1s momentarily forward-
biased) 1s achieved by clamping the reverse-biased voltage
across the photodiode so that 1t 1s no less than VBOT-V_
(the gate-source voltage of the transistors N1, N2), which is
oreater than OV.

In the readout mode the amount of charge remaining on
the node ST following the integration period (representing
the received illumination) is read out onto the column output
signal COUT when the ROW signal 1s asserted. The readout
operation of the cell 1s described 1n greater detail in refer-
ence to FIGS. 6 and 7.

Thus the preferred cell 200 provides high electron-to-
voltage conversion gain as well as better quantum efficiency
by using a photodiode as its light sensor. Better sensor
linearity 1s obtained by maintaining a relatively constant
reverse biased voltage across the photodiode. An 1ncrease 1n
dynamic range 1s realized by increasing the reset voltage
level through the utilization of a charge pump circuit to
pump the reset signal RS.

It has already been described how the present invention
solves some of the problems associated with traditional
sensor arrays based on photogates and photodiodes. Another
common problem of sensor arrays 1s spatial noise, which
results from spatial variations between pixel cells in an array
that are manifested itself as pattern noise in the 1mage.
Spatial noise 1s one of the major sources of degradation 1n
Image array performance. Spatial noise 1s often due to photo
response non-uniformity, which results from the gain varia-
tions between photocells and column amplifiers when the
photo sensors are 1lluminated. The magnitude of this form of
spatial noise 1s signal-dependent. Another type of spatial
noise is fixed pattern noise (FPN), which is a measure of the
variations between pixels in an array when the photo sensors
are 1n the dark. It 1s usually caused by mismatches between
pixel cell V. drops, mismatches in voltage drops across
column read amplifiers and mismatches between charge
injections and clock feedthroughs at sensitive nodes as well
as mismatches 1n dark currents. In order to reduce this FPN
the preferred embodiment performs correlated double sam-
pling (CDS) to reduce pixel cell voltage drop and column
read amplifier voltage drop differences. In addition, the
preferred embodiment pays special attention to canceling the
effect of charge mjections and clock feedthroughs that can
degrade the FPN performance. It 1s now described 1n refer-
ence to FIGS. 6 and 7 how the present invention performs
CDS 1n the context of a pixel sensor array.

FIG. 6 1s a schematic diagram of a representative portion
of a sensor array including a cell 20077, where “1” “37

and “
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correspond, respectively, to generic row and column 1ndices,

| the cells 200xj,

a column output circuit 250; used by all of

where “X” represents the range of row indices, and a final

sample and hold amplifier block 280 used by all of the cells

200xy, where “y” represents the range of column indices.

The operation of the sensor array of FIG. 6 1s described 1n

reference to FIG. 7, which 1s a timing diagram of the signals
RS, SC, ROW, R|[1], R|2], etc., and col[1], col[2], etc. The
signals RS, SC and ROW have already been described. Each
of the signals R[y], when asserted, causes the output signal
COUT, from a particular cell 200x; to be coupled to the
corresponding column output circuit 250;. Each of the
signals coll y|, when asserted, causes the output signal from

the column output circuit 250y to be coupled to the final
sample and hold amplifier block 280.

The column output circuit 250 includes a current bias
transistor MCS, a MOS capacitor MC1, a voltage bias
transistor MB and a column amplifier (col amp) with a
switched output. The current bias transistor MCS, which 1s
comparatively large, 1s always on as its gate 1s tied to a
current bias signal. The source of the transistor MCS 1s
orounded and its drain 1s coupled to the COUT node, which
enables the transistor MCS to determine the current flowing
in the source follower N4 and the row select transistor NS
when the ROW signal 1s asserted. The capacitor MC1 acts
as a sample and hold device that acts between the COUT and
VOUT nodes. In the preferred embodiment, the capacitor
MC1 1s implemented as a MOSFET operating 1n the triode
region (also referred to as the linear region). This imple-
mentation substantially reduces the area needed for the
capacitor MC1, especially in a standard CMOS process
where double poly 1s not available. Furthermore, prior art
circuits that implement a similar sample and hold function
employ two capacitors, which occupy more chip area than
the preferred implementation. The voltage bias transistor
MB has a gate, drain and source coupled, respectively, to
one of the R signals, the VOUT node and a bias voltage
V_ ... In the preferred embodiment, V, .. 1s approximately
3.2V. When the R signal i1s high, the bias transistor MB
attempts to pull the VOUT node down to the bias voltage
V The amplifier block 280 includes a column buffer

it

(col_buf and a sample and hold device S/H that provides the
pixel output signals 281.

Referring to FIG. 7, at the very beginning of the integra-
tion period (reference point A) the bootstrapped reset signal
RS 1s driven from low to high. This causes the transistor N3
to reset the voltage across the storage node capacitor MCAP
to the VRST level. After a short time (reference point B), the
reset signal RS 1s driven low at which point the transistor
switch N3 turns off. When the transistor N3 turns off a finite
amount of charge 1s 1njected onto the storage node ST, which
changes the total amount of charge stored by the capacnor
MCAP. In addition, the change 1n the voltage at the gate of
N3 due to the pulsed signal RS also affects the voltage that

appears on the storage node ST after the switch N3 turns off

at point B. Both of these effects, unless corrected-for, would
introduce error 1n the reference level VRST, from which the
storage node 1s discharged. How the preferred embodiment
cancels this error 1s described below.

At poimnt C, the signal SC 1s driven high and, shortly
thereafter, the signal SCB 1s driven low, causing the tran-
sistor N1 to switch off and transistor N2 to switch on. After
point C, the photocurrent I, 1s routed through the transistor
N2 and, as a result, discharges the charge stored on the
storage node capacitor MCAP. The transistor N2 stays on for
a duration of T__shutter, which 1s as long as the signal SC 1s
high. As soon as the signal SC goes low (at point D), the
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transistor N2 turns off, ending the mtegration period, and the
transistor N1 turns on, causing the photocurrent to be steered
through the transistor N1 rather than the transistor N2. The
amount of charge lost from the storage node ST during the
integration period 1s proportional to the photocurrent value
and the length of shutter time, T __shutter. The output signal
281 from the sample and hold buffer 280 corresponds to this
lost charge and therefore indicates the amount of 1llumina-
tion that fell on the cell during the integration period.

The signal 281 that represents this charge loss 1s obtained
in the preferred embodiment by determining the effective
change 1n voltage at the storage nods ST between point C,
just before the discharge began, and point D, when discharge
ended. In the preferred embodiment this 1s accomplished by
first obtaining a representation of the voltage at the storage
node ST after the discharge (at point D) and then obtaining
a representation of the same voltage after returning the
storage node ST to a state similar to that at the beginning of
the discharge. Subtracting the second representation from
the first gives the desired signal. How this procedure 1is
accomplished in the preferred embodiment 1s now

described.

After the SC signal goes low (point D), the ROW signal

is asserted (point E), which turns on the row select transistor
N3S. Once the row select transistor NS 1s on, a voltage level
V_ appears at the node COUT representing the charge
remaining on the storage node ST after the integration
period. While the ROW signal 1s high, the R signal 1s also
high. As a result, the transistor MB pulls the mnput of the
column amplifier (col _amp) down to the bias voltage V...
Just before the ROW signal makes a high to low transition
(point G), the row select signal R makes a high to low

transition (at point F), which causes the transistor MB to turn
off, stabilizing the VOU'T node at the bias voltage V_ . .. The

mid’
ROW signal then makes a high to low transition (point G),
which turns off the transistor NS and decouples the V_signal
from the column output circuitry 250j. As a result, a Voltage
difference between the VOUT and COUT nodes of V -V

mid
exists across the capacitor MC1 just after pomt G.

Note that a jump 1n voltage occurs at the ST node when
the transistor N4 turns on (as at point E). This jump is
reflected 1n the voltage level V_ that is stored across the
capacitor MC1. The magnitude of this voltage jump 1s a
function of V., (of the transistor N4), the gate-source
capacitance C_  of the transistor N4, and a number of other
parasitic elffects. The voltage V_sampled onto the capacitor

MC1 can be represented as in Eq. (1):

V=Vp V-V, +V_ -V

sig gsNr Eq (1)

VdsN ¥

where V_; represents the error due to charge injection and
clock feedthrough of reset switch, V_, represents the error
assoclated with turning on the transistors NS and N4, and
V., represents the discharged voltage at the node ST due to
the photo current I, during the integration period. To elimi-
nate these undesirable errors in the signal V_the node ST of
the cell 1s reset to the. VRST voltage level and read again as
follows.

While the ROW signal is low (following point G), the RS
signal 1s once again asserted (at point H), which causes the
storage node ST to be reset to the VRST voltage level. The
RS signal is left high for the same duration as between the
time points A and B. This ensures that the storage node ST
at time point G arrives at the same voltage level as that at
time point B. When the RS signal 1s once again deasserted,

the same amount of charge injection and clock feedthrough
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should be acquired on the storage ST as 1n the moment at the
beginning of the integration period. When the ROW signal
is once again asserted (at point J), the transistor N4 turns on
(with the same effects on the node ST as previously
described). The amount of charge on the ST node is reflected
in an output signal S, that 1s coupled to the capacitor MC1
when the ROW signal is once again asserted (at point J).
Because at this point a voltage difference of V. -V_ .,
already exists across the capacitor M1, the resulting output
voltage level at the node COUT, denoted V- pulls the
voltage at the input of the col amp up to (V,-V +V, ...

Note that the signal V, can be represented as in Eq. (2):

VeVesrtVeait Voo Von—Visws: Eq. (2)

Thus, the difference signal (V -V.) gives the desired
signal V. representing the photocurrent 1,, When the
appropriate col signal is asserted, the signal (V -V +V_ . ) at
the mput of the col__amp 1s passed to the S/H block 280,
which stores the signal. Subsequently (point K), the R signal
makes a low to high transition, causing the transistor MB to
turn on and short the input of the col__amp to the V_ ., node.
This causes the col__amp’s bias (V, .,) to be passed to the
S/H block 280, which subtracts the bias from the previous
stored signal (V -V +V_ ) to obtain a bias free signal
voltage V., which forms the final output 281.

The rows and columns of the pixel array are read in
sequence, as indicated by the multiple transitions of R[y]
and col| y] signals shown in FIG. 7. The cells composing the
entire array are read within a frame time T _frame.

On summary, the preferred embodiment 1s an active pixel
sensor 1mplemented with CMOS technology that uses
photodiode-based photocells 1nstead of photogate-based
photocells. As a result, the preferred embodiment has the
superior quantum efliciency of photodiodes, particularly for
smaller wavelengths. At the same time, the preferred
embodiment provides high electron-to-voltage conversion
cgain. Thus, as compared to photogate-based cells, the pre-
ferred embodiment has similar low light sensitivity and
provides significantly better SNR performance for cells
covered with blue & green color filters (in which wave-
lengths photogate-based cells are inefficient).

A charge pump circuit 1s mncluded in preferred embodi-
ment to drive the reset switch N3 so that the storage node ST
can be reset to a higher value than that imposed by the VCC
power supply. This helps to increase the saturation voltage
level and hence enhance the dynamic range of the preferred
embodiment. In addition, correlated double sampling (CDS)
is performed to reduce fixed pattern noise (FPN) due to
mismatches in source follower (transistor N4) V__ and to
reduce 1/f noise contributions as well. Furthermore, a clock-
ing scheme 1s devised 1n order to cancel, to the first order, the
errors due to charge injection and clock feedthroughs of
various switches within the cell.

While the present invention has been described with
reference to a few specific embodiments, the description 1s
illustrative of the mvention and 1s not to be construed as
limiting the invention. Various modifications may occur to
those skilled 1n the art without departing from the true spirit
and scope of the invention as defined by the appended
claims.

What 1s claimed 1s:

1. An active pixel sensor using CMOS technology, com-
prising:

a plurality of photocells, each configured to sense 1llumi-

nation falling on a respective region of the active pixel

sensor and to generate an output signal corresponding
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to the sensed illumination, wherein each of the photo-

cells includes:

a reverse-biased photodiode that generates a photocur-
rent that 1s proportional to the 1llumination falling on
the photocell; and

a storage device coupled to and distinct from the
photodiode with a stored charge that 1s discharged
during an integration period as a function of the
photocurrent, the amount of the stored charge dis-
charged during the integration period determining,
the output signal.

2. The active pixel sensor of claim 1, wherein the pho-
todiode and the storage device are configured so that the
photocell provides high electron-to-voltage gain.

3. The active pixel sensor of claim 1, wherein the storage
device 1s a capacitor implemented as a MOS transistor with
crounded source and drain operating in the triode region.

4. The active pixel sensor of claim 1, wherein a relatively-
constant, reverse bias diode voltage 1s maintained across the
photodiode during the integration period as well as between
successive 1ntegration periods.

5. The active pixel sensor of claim 4, wherein the reverse
bias diode voltage 1s clamped to a small positive voltage
under normal operating conditions.

6. The active pixel sensor of claim 5, wherein the small
positive voltage 1s approximately 1.5 V.

7. The active pixel sensor of claim 4, further comprising,
a switching network that includes:

a first n-channel transistor that 1s configured to couple the
cathode of the photodiode to a small, positive voltage
only during a non-integration period that 1s comple-
mentary to the integration period and enables the
photocurrent generated during the non-integration
period to bypass the storage device and instead flow
through the first transistor; and

a second n-channel transistor that 1s configured to couple
the cathode of the photodiode to the small, positive
voltage only during the integration period and enables
the photocurrent generated during the integration
period to discharge the storage device instead of flow-
ing through the first transistor.

8. The active pixel sensor of claim 7, wherein the reverse
bias diode voltage 1s clamped to a second small positive
voltage under normal operating conditions.

9. The active pixel sensor of claim 8, wherein the second
small positive voltage 1s approximately 1.5V.

10. The active pixel sensor of claim 4, wherein the
reverse-bias diode voltage 1s clamped to a small positive

voltage that it is no less than VBOT-V__, where VBOT is a
regulated voltage coupled to the gates of the first and second
n-channel transistors during the non-integration and integra-
tion periods and V_ 1s the gate-source voltage of the first
and second transistors, thereby preventing anti blooming on
a display coupled to the active pixel sensor.

11. The active pixel sensor of claim 7, wherein:

the first transistor has a gate, drain and source coupled to
an SCB signal, a reset voltage supply node and the
cathode of the photodiode; and

the second transistor has a gate, drain and source coupled
to an SC signal, a storage node and the cathode of the
photodiode;

wherein the storage node 1s coupled to one terminal of the
storage capacitor, the SC and SCB signals are
substantially-complementary signals that are generated
so that the first and second transistors operate 1n the
active sub-threshold region.
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12. The active pixel sensor of claim 11, wherein the SC
and SCB signal levels are generated so that, at the beginning
of the 1ntegration period, the SCB signal makes a high to low
fransition just after the SC signal makes a low to high
fransition, ensuring that the diode voltage remains stable
during transitions between the non-integration and integra-
fion periods.

13. The active pixel sensor of claim 11, wherein the SC
and SCB signal levels are generated so that at the end of the
integration period, the SC signal makes a high to low
transition just after the SCB signal makes a low to high
fransition, ensuring that the diode voltage remains stable
during transitions between the integration and non-
Integration periods.

14. The active pixel sensor of claim 11, wherein the SC
and SCB signal levels are derived from a bandgap reference
voltage.

15. The active pixel sensor of claim 11, wherein the first
and second transistors are comparatively large devices that
carry very small drain currents when operating in the active,
sub-threshold mode.

16. The active pixel sensor of claim 11, wherein the reset
voltage supply node provides a VRST voltage.

17. The active pixel sensor of claim 16, further compris-
ing a reset transistor configured to pull the storage node up
to the VRST voltage 1n response to the activation of a reset
(RS) signal coupled to the gate of the reset transistor.

18. The active pixel sensor of claim 17, wherein the RS
signal 1s at a positive voltage level that 1s higher than the
VRST voltage by at least the threshold voltage of the reset
transistor.

19. The active pixel sensor of claim 18, wherein the RS
signal 1s generated by a charge pump circuit.

20. The active pixel sensor of claim 9, further comprising
a control signal generation (CSG) circuit configured to
generate the SC and SCB signals, the CSG circuit being
responsive to an integrate signal and a bandgap reference
and including:

a biasing network that, based on the bandgap reference,
generates a top reference voltage (VTOP) level and a
bottom reference voltage (VBOT) level; and

a combinational network that, 1n response to activation of
the 1ntegrate signal, generates the SC and SCB signals
so that the SC signal rises to the VIOP level shortly
before the SCB signal fails to the VBOT level, and, in
response to the deactivation of the integrate signal,
generates the SC and SCB signals so that the SCB
signal rises to the VTOP level shortly before the SC
signal falls to the VBOT level.

21. The active pixel sensor of claim 20, wherein the
VTOP level 1s at approximately 2.1 volt and the VBOT level
1s at approximately 1.5 vollt.

22. The active pixel sensor of claim 1, further comprising
column output circuitry configured:

in a first mode to sample and hold a first signal corre-
sponding to the amount of charge on the storage node
at the end of the integration period, including parasitic
effects; and

in a second mode to:

sample a second signal corresponding to the charge at
the storage node at the beginning of the previous
integration period, mcluding the parasitic effects,
and

subtract the first signal from the second signal so as to
provide the output signal representing just the charge
discharged from the storage node during the 1ntegra-
tion period.
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23. The active pixel sensor of claim 22, wherein the
column output circuitry comprises:

a voltage bias transistor with a drain, gate and source
coupled respectively to a column output signal, a bias
control signal and a bias voltage, such that, when the

bias control signal 1s asserted, the drain is set to the bias
voltage;

a column amplifier with an mput coupled to the drain of
the bias transistor; and

a sample and hold block with an i1nput coupled to the
output of the column amplifier and an output that forms
the active pixel sensor output signal;

wherelin:
in the first mode the sample and hold block stores the
first signal value equaling Vsig+Vmid+Volilset,
where “Vsig” represents the amount of the stored
charge discharged during the integration period,
“Vmid” 1s the bias voltage and “Vollset” represents
voltage offsets 1n the pixel sensor; and
in the second mode:
the bias signal 1s asserted, causing the input of the
column amplifier to go to Vmid while the output
of the column amplifier and the mput of the
sample and hold block go to the second signal
value equaling Vmid+ Vollset bias; and
the sample and hold block subtracts the second
signal value from the first signal value, producing
the output signal of Vsig.
24. The active pixel sensor of claim 22, further compris-
ng:
a source follower coupled to the storage node that pro-
vides a signal corresponding to the output signal on its
source; and

an output switching transistor with a gate, drain and
source coupled, respectively, to a ROW enable signal,
the source of the source follower and the 1nput of the
column output circuitry.

25. The active pixel sensor of claim 24, wherein the
column output circuitry comprises a sample and hold capaci-
tor implemented as a MOSFET transistor having a gate
employed as one terminal of the capacitor and shorted gate
and drain employed as the other terminal of the capacitor,
onc of the terminals being coupled to the source of the
output switching transistor and the other of the terminals

being coupled to the input of a column amplifier.
26. The active pixel sensor of claim 24, further compris-

ing a reset transistor configured to pull the storage node up

to a defined voltage level 1n response to the activation of a

reset (RS) signal coupled to the gate of the reset transistor.
27. The active pixel sensor of claim 26, wherein:

(1) just before the beginning of the integration period, the
RS signal 1s pulsed, causing the reset transistor to set
the storage node to the defined voltage level;

(2) the SC signal is asserted to initiate the integration
period during which the charge on the storage node 1s
discharged;

(3) the SC signal is deasserted after a shutter period to end
the 1ntegration period;

(4) the ROW signal is asserted to couple a first signal
corresponding to the charge on the storage node at the

end of the integration period, including parasitic
eifects, to column output circuitry, which samples and

holds the first signal;
(5) the ROW signal is deasserted;

(6) the RS signal is pulsed, causing the reset transistor to
set the storage node to the defined voltage level; and
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(7) the ROW signal is asserted to couple a second signal
corresponding to the charge on the storage node at the
beginning of the mtegration period, including the para-
sitic effects, to the column output circuitry, which
samples the second signal and subtracts the first signal
from the second signal so as to provide a corrected
output signal.

28. An active pixel sensor method for use in each of a
plurality of photocells, each configured to sense 1llumination
falling on a respective region of an active pixel sensor and
to generate an output signal corresponding to the sensed
1llumination, the method comprising the steps of:

storing a charge on a storage device within the photocell;

generating a photocurrent that 1s proportional to the
1llumination falling on the photocell using a photodiode

within the photocell, the photodiode being distinct from
the storage device; and

discharging the storage node during an integration period
as a function of the photocurrent, the amount of the
stored charge discharged during the integration period
determining the output signal.

29. The method of claim 28, further comprising the step

of:

maintaining a relatively-constant, reverse bias diode volt-
age across the photodiode during the integration period
as well as between successive 1mtegration periods.

30. The method of claim 29, further comprising the steps

of:

coupling during a non-integration period that 1s comple-
mentary to the integration period the cathode of the
photodiode to a small, positive voltage 1 such a
manner that the photocurrent generated during the
non-integration period bypasses the storage device; and

coupling during the integration period the cathode of the
photodiode to the small, positive voltage 1n such a
manner that the photocurrent generated during the
integration period discharges the storage device.

31. The method of claim 30, wherein the coupling of the

photodiode to the diode voltage during the non-integration
mode 1s determined by an SCB signal and the coupling of
the photodiode to the diode voltage during the integration
mode 1s determined by an SC signal.

32. The method of claim 31, wherein the step of gener-
ating the SC and SCB signals comprises generating the SC
and SCB signals, so that, at the beginning of the integration
period, the SCB signal makes a high to low transition just
after the SC signal makes a low to high transition, ensuring
that the diode voltage remains stable during transitions
between the non-integration and integration periods.

33. The method of claim 31, wherein the step of gener-
ating the SC and SCB signals comprises generating the SC
and SCB signals, so that, at the end of the integration period,
the SC signal makes a high to low transition just after the
SCB signal makes a low to high transition, ensuring that the
diode voltage remains stable during transitions between the
integration and non-integration periods.

34. The method of claim 31, wherein the step of gener-
ating the SC and SCB signals comprises:

generating a top reference voltage (VIOP) level and a
bottom reference voltage (VBOT) level; and

1In response to activation of an integrate signal, generating,
the SC and SCB signals so that the SC signal rises to
the VITOP level shortly before the SCB signal falls to
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the VBOT level, and, 1n response to the deactivation of
the 1ntegrate signal, generating the SC and SCB signals
so that the SCB signal rises to the VIOP level shortly
before the SC signal falls to the VBOT level;

the SCB and SC signals being respectively coupled to first
and second transistors configured to couple the photo-
diode to the diode voltage 1n response to activation of
the SCB and SC signals, respectively.

35. The method of claim 34, wherein the VTOP level 1s

at approximately 2.1 volt and the VBOT level 1s at approxi-
mately 1.5 vollt.

36. The method of claim 28, further comprising the steps
of:

in a first mode, sampling and holding a first signal
corresponding to the amount of charge on the storage
node at the end of the integration period, including
parasitic effects; and

in a second mode:
sampling a second signal corresponding to the charge at
the storage node at the beginning of the previous
integration period, including the parasitic elfects,
and
subtracting the first signal from the second signal so as
to provide the output signal representing just the
charge discharged from the storage node during the
integration period.
37. The method of claim 36, wherein the photocell

includes column output circuitry comprising:

a voltage bias transistor with a drain, gate and source
coupled respectively to a column output signal, a bias
control signal and a bias voltage, such that, when the
bias control signal 1s asserted, the drain 1s set to the bias
voltage;

a column amplifier with an mput coupled to the drain of
the bias transistor; and

a sample and hold block with an input coupled to the
output of the column amplifier and an output that forms
the active pixel sensor output signal;

wherein:
in the first mode the sample and hold block stores the
first signal value equaling Vsig+Vmid+Volilset,
where “Vsig” represents the amount of the stored
charge discharged during the integration period,
“Vmid” 1s the bias voltage and “Voilset” represents
voltage offsets in the pixel sensor; and
in the second mode:
the bias signal 1s asserted, causing the 1nput of the
column amplifier to go to Vmid while the output
of the column amplifier and the mput of the
sample and hold block go to the second signal
value equaling Vmid+ Voiiset bias; and
the sample and hold block subtracts the second
signal value from the first signal value, producing
the output signal of Vsig.
38. The method of claim 36, comprising the steps of:

(1) just before the beginning of the integration period
setting the storage node to a defined voltage level;
(2) initiating the integration period during which the
charge on the storage node 1s discharged;

(3) ending the integration period;

(4) coupling a first signal corresponding to the charge on
the storage node at the end of the integration period,

including parasitic effects, to column output circuitry,
which samples and holds the first signal;
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(5) resetting the storage node to the defined voltage level; output circuitry, which samples the second signal and
and subtracts the first signal from the second signal so as to
(6) coupling a second signal corresponding to the charge provide a corrected output signal.

on the storage node at the beginning of the integration
period, including the parasitic effects, to the column 0% k& %
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